Researchers have reported statistically significant associations between air pollutants and cardiovascular disease (CVD). However, few studies have investigated the acute cardiovascular effects of joint exposure to Ozone (O3) and fine particulate matter (PM2.5) in a location so distinctive like Harris County. The objective of this study was to investigate the association between the joint exposure to O3 and PM2.5, and emergency room diagnosis of CVD, in Harris County, Texas. Data used include all emergency room (ER) visits, and O3 and PM2.5 levels in the same years. Logistic regression modeled the effect of temperature, relative humidity, wind speed, wind, ozone, and fine particulate matter, averaged by day. Three models were estimated for all visits, visits during the months of April and September of 2005 and 2009, and for visits for patients from zip codes that are close to monitoring stations. A 1 μg/m 3 increase in PM2.5 was associated with a 0.4% increase in the odds of cardiovascular disease emergency room diagnoses on the same day (p-value < 0.001), and a 0.2% increase in the odds of cardiovascular disease emergency room diagnoses on the following day (p-value < 0.001). This study demonstrated that there are statistically significant associations between ER visits for CVD diagnosis in Harris County, with joint exposure to O3 and PM2.5 of the same day and previous day. The increase of CVD cases as well as association between humidity and the numbers of CVD cases, males and blacks has higher odds.
Introduction
Harris County is the third most populous county in the United States of America (US) hosting the second largest petrochemical complex in the world [1] . It also has a large and active outdoor air pollution monitoring system. Houston, which is largely coterminous with Harris County is the fourth most-populated city in the nation [2] , suffers from high vehicular traffic emissions from the geographically extended eight-county Houston Galveston area and has a potential location that allows for domestic and international air pollution traffic [3] . Despite having a uniquely large network of air quality monitors (especially for ozone), during the six period of 2004 and 2009 Harris County has never been in long-term attainment for the NAAQS O3 standards [4] ; it has been in attainment for PM2.5 standards since 2009 [5] . Hospitalization due to cardiovascular disease is correlated with exposure to O3 and PM2.5 (PM2.5) [6] . The average cost of an emergency room (ER) visit in Harris County for 2009 was four times that of national average ($800 versus $200, respectively) and the number of CVD ER visits for 2009 were highest than those for the previous five years. The [7] . Houston; the county seat was one of the worst five cities in the U.S. regarding diesel PM health impacts on children in 1999 [8] . There is substantial evidence that fine particulate matter is associated with cardiovascular diseases in Houston despite its EPA attainment. In their study to investigate the effects of air pollutants in Houston, Sexton et al. (2005) stated that ozone and fine particulate matter are both carcinogens and systemic toxicants [9] .
Harris County has characteristics that make it sufficiently dissimilar to other metropolitan areas to warrant specific study. These differences include: high ozone levels, a uniquely large network of air quality monitors (especially for ozone), mixed interactions between land-sea breeze air circulation, a large concentration of petrochemical industries, among the largest in the world, concentrated industrial emissions related to this industrial density in the Houston Ship Channel and Galveston Bay areas, large populations living among, and in the dispersion airshed from, the industrial areas, high vehicular traffic and corresponding emissions from the geographically extended urbanized eight-county Houston Galveston area, and potential pollution transport from domestic and international source regions [3] , including additional petrochemical industry complexes ranging from Lake Charles, LA, and Beaumont-Orange, TX, to Freeport, TX, and south towards Corpus Christi.
The main question of this study was to investigate the association of CVD ER visits to joint exposure to PM2.5 and ozone, with daily lags of 0 and 1 day. Daily ER data for Harris County for the six years of 2004 through 2009 was linked to interpolated PM2.5 and O3 measurements. The dataset also contained temperature, relative humidity, wind direction, and wind speed. Adjusted and unadjusted maps were plotted for each outcome. Adjustment was made for race and gender. Three logistic regressions were performed: one for all records, another for visits during the four months of April and September of 2005 and 2009, and a third one for visits from zip codes that are close to PM2.5 monitoring stations (East of Harris County). This is the first study to explore spatial and temporal trends over multiple years for Harris County, Texas. While majority of studies focus on either spatial or temporal association between exposure to O3 and/or PM2.5 and CVD ER visits, this study investigates the relationship both temporally and spatially. No similar study has ever been conducted for Harris County or for Houston. For example, in their recent study to model spatial patterns of adverse health effects of O3 in Houston, Lin and Lu (2009) study the effect of O3 levels in only four months on children with respiratory disease who needed hospital admission. The investigators come to the conclusion that due to lack of other confounders, their conclusions of spatial association could have been more precise. In their recommendations, they call for further investigations to study the effects over a longer period of time and on subjects of different ages. This study covers many of the missing pieces, for example including up to twenty sequential seasons (versus one), all ages, patients who did not need hospital admission, meteorological factors, and particulate pollution [10] . In their recent study, Raun et al. (2011) modeled 6812 calls to City of Houston 911 service that resulted in a diagnosis of out of hospital cardiac arrest, using time-stratified casecrossover model. Ozone temporal scale used was one hour, whereas particulate matter temporal scale used was one day. The effect of joint exposure to both pollutants was not investigated [11] . This study investigates ten diagnoses (versus one), with over 3.2 million emergency room visits (versus 6812) including visits by those who did not call 911, spatially distributed in 141 zip codes and over a temporal period of six years (versus four). Finally, their study did not investigate typical confounders like day of the week effect, and other non-summer seasonal effects.
In [7] . The large size of the database and hence the high statistical power of the analysis allows for the investigation of variances of exposure and the outcome (CVD). Furthermore, the data span of six years provides enough variance to study the daily, weekly, monthly and seasonal effects of exposure. In their recent technical paper, Vizuete and Jeffries (2011), proficiently provide substantiation that O3 attainment methodology for Houston has technical issues like filtering the days with observed large hourly variability. This makes it miss the critical causes for high O3 concentrations [3] . This study's findings can support an improved O3 attainment methodology in Houston and the County.
Methods

Data
This study used data from three sources. The first dataset has Harris County daily emergency room visits for CVD from 2004 through 2009. This dataset was developed by Dr. Charles Begley (ER Utilization Study), UTSPH, under UT study number HSC-SPH-04-021. This includes ER visits for six years (1825 days) from hospitals that serve the general public of Harris County (provide hospital based ER care and accept 911 deliveries). The total number of ER visits included was 4,755,404. CVD emergency room visits are those with primary diagnosis of heart failure (ICD-9 code 428), heart rhythm disturbances (ICD-9 codes 426 -427), cerebrovascular events (ICD-9 codes 430 -438), ischemic heart disease (ICD-9 codes 410 -414, 429), and peripheral vascular disease (ICD-9 codes 440 -448) [12] . The second dataset is for O3 and PM2.5 for the same years (2004-2009), which contains hourly measurements for O3, PM2.5, temperature, relative humidity, wind speed and wind direction for each day of the six years, at a number of monitoring stations. The EPA analytical method code is "702-PM2.5 SCC w/Correction Factor, TEOM Gravimetric 50 deg C". These data are available to the public through the Texas Commission on Environmental Quality TCEQ website for the Texas Air Monitoring Information System (TAMIS). To investigate possible confounding effect by meteorological factors, wind speed and wind direction was included. Wind direction is a circular variable. Thus to overcome the issue of inconsistency in variable types, wind direction was reduced into its sine and cosine components before using in the proposed generalized model. The sine wind component points towards the east (wind blows from west to east) and was referred to as west-east wind component, and the cosine wind component points towards the north (wind blows from south to north) and was referred to as south-north wind component. The third dataset is publically available as well. It contains the centroid coordinates for Harris County zip codes from Texas State Data Center website. STATA v13, Golden Surfer 9 and MapInfov10 were used to conduct regressions, interpolation and mapping respectively.
Spatiotemporal Analyses
While ER visit data has the zip code of the patient's address, O3 and PM2.5 measurements are not available for each zip code. Therefore, O3 and PM2.5 levels between monitoring sites were spatially interpolated using kriging. Daily averages of the two pollutants were interpolated using kriging for the different zip-code regions of the County. This statistically estimated levels of the pollutants in locations without monitors in each day of the six years (2004 to 2009). For PM2.5, the daily readings from the eight monitors were used to produce contour maps for every day in every zip region of the County. This was done in the case of O3 using the nineteen monitors available. The years 2004 to 2009 have 2192 days. Kriging created 4384 (2192 times 2 pollutants) datasets, which contained estimates of the levels of both O3 and PM2.5 for every ER visit in every day of the six years of 2004 to 2009 (linked by date and zip area centroid). Exposure levels (by date and zip area centroid) were matched to each ER visit.
Logistic Regression
Logistic regression was performed one with the binary outcome of the ER visit being of CVD primary diagnosis. Bivariate models were performed prior to multiple logistic regression. Odds ratios (ORs) of CVD outcome, Wald Maximum Likelihood (WML) statistics, 95% confidence intervals, and p-values were calculated. Crude (unadjusted, bivariate logistic regression) and adjusted (multivariate logistic regression) modeling will be per-formed. Adjusted logistic model were controlled for age, gender and race. Although, the total number of records is estimated to be 4,755,404, the number of records used for analysis was fewer since only residents of Harris County were included. The predictors used were O3, PM2.5, age, temperature, relative humidity, wind speed, west-east wind component, and south-north wind component. The choice of the regression best suits the nature of the outcomes and predictors-logistic regression measures the association between dichotomous dependent variable (CVD) and the independent variables. The logistic model assumes that the logit of the probability for CVD ER visits is a linear function of the independent variables including O3 and PM2.5. The logit of a probability p is defined as log(p/1 -p). The logistic prediction equation used was: logit[P(CVD diagnosis = 1)] = intercept + B1 * temperature + B2 * relative humidity + B3 * west-east wind + B4 * south-north wind + B5 * wind speed + B6 * age + B7 * race + B8 * sex + B9 * day of the week + B10 * PM25 + B11 * O3 + B12 * O3lag 1 + B13 * PM25lag 1.
Cross Validation
To assess the quality of our model and validate the findings and conclusions drawn from modeling the data, split-sample validation was performed. In this validation approach, the ER visits are randomly divided into two subsets: A training sample containing 80% of the ER visits and a holdout sample containing the remaining 20% of the ER visits were used. The training sample was used to develop the logistic regression model. The holdout sample was grouped using the coefficients based on the training sample. The grouping accuracy for the holdout sample is used to estimate how robust the model based on the training sample is for the population represented by the ER dataset used. If the grouping accuracy rate of the holdout sample is within ten percent of the training sample, it was sufficient evidence of the effectiveness of the logistic regression model. In addition to satisfying the grouping accuracy, it was required that the significance, at alpha = 0.05, of the overall relationship and the relationships with individual predictors for the training sample match the significance results for the model using the full data set [13] .
Results and Discussion
Bivariate analysis unadjusted odds ratios found that age (OR = 1.059, 95% CI = 1.059 -1.060, p < 0.001), being male (OR = 1.250, 95% CI = 1.235 -1.267, p < 0.001), relative humidity (OR = 1.001, 95% CI = 1.000 -1.001, p = 0.001), west-east wind component (OR = 1.004, 95% CI = 1.002 -1.007, p < 0.001), south-north wind component (OR = 1.002, 95% CI = 1.001 -1.004, p < 0.001), PM2.5 of the same day (OR = 1.003, 95% CI = 1.002 -1.005, p < 0.001), and PM2.5 of the previous day (OR = 1.003, 95% CI = 1.002 -1.005, p < 0.001) were associated with CVD ER visit diagnosis ( Table 1 ). In the logistic regression model, there is a significant association of emergency room CVD diagnosis in Harris County, Texas, with exposure to PM2.5 of lag 0 (OR = 1.004, 95% CI = 1.002 -1.005, p < 0.001) and 1 (OR = 1.002, 95% CI = 1.001 -1.004, p < 0.001) days, adjusting for race, gender, day of the week, relative humidity, temperature, west-east wind component, south-north wind component, wind speed ( Table 2 ). The ratios of training set odds ratios to holdout set odds ratios for CVD ER visit diagnosis model adjusted adjusting for race, gender, day of the week, relative humidity, temperature, west-east wind component, south-north wind component, wind speed range from 1.21 to 2.83 percent (0.0121 to 0.0283).
Contour maps for monthly means of O3 and PM2.5 are presented in Figure 1 and Figure 2 respectively. For ozone, higher concentrations were on the outer boundary of the County. Overall, April concentrations were higher than those of September for the two years (Figure 1 and 2009, with exposure to ozone of lag 0 (OR = 1.01, 95% CI = 1.01 -1.02, p < 0.001), adjusting for race, gender, day of the week, relative humidity, temperature, west-east wind component, south-north wind component, wind speed ( Table 4) . To test the hypothesis more accurately, the ER visits from zip code regions surrounding PM2.5 monitoring stations were analyzed (East Harris County). Bivariate analysis unadjusted odds ratios found that age, being male, relative humidity, west-east wind, and south-north wind component were associated with CVD ER visit diagnosis during the months of April and September of 2005 and 2009 (Table 5 ). In the logistic regression model, the hypothesis cannot be accepted for ER visits during April and September of 2005 and 2009 ( Table 6) .
In summary, ozone concentration of the same day has a significant association with CVD cases of the data of April/September 2005 and 2009 analysis. Ozone of previous day has a significant association with cases during April/September 2005 and 2009 analysis. Additionally, ozone and PM2.5 are also associated with CVD cases from the combined case of all records. PM2.5 of previous day is associated with CVD cases from the combined case of all records. The last comparison is the association of PM2.5 to the outcome of CVD. In the combined case of all records versus the data from zip code regions (east) close to PM2.5 monitoring stations, this indicates that the number and location of the current monitoring stations seems to be reasonable enough to detect statistically significant association between the health outcomes and PM2.5. Incidence proportion of CVD cases following Hurricane Rita (Thursday 9/22/2005 to Sunday 9/25/2055) are very similar to the same diagnoses averaged over the six year period; incidence proportions where higher for visits happening during the weekend. The results of the adjusted logistic model for CVD cases show that the odds for blacks were 7% higher than the odds for whites, and the odds for males were 60% higher than females. Moreover, the odds increase by increasing age, relative humidity, east wind, PM2.5 concentration of the same day and the day before. CVD may be influenced by race, ethnicity, gender and genetic inheritances. Limited data exists that compares CVD in different racial or ethnic groups. However this data suggests that differences may exist. Potential differences between racial or ethnic groups may include biological differences as well as disparities in diagnosis and treatment. It may also include lack of enrollment of minorities in epidemiological trials. Gender appears to also influence CVD. Historically, men have had higher prevalence rates of CVD than women, but recent data suggests that women may actually be more susceptible to CVD. CVD in women may have different characteristics than in men, and it may be more severe. More importantly, in the United States, more women now die of CVD than men. These results are consistent with other studies conducted in the United States [14] [15] . Although more women than men die of heart disease each year, women get fewer CVD diagnoses by their primary care physicians and emergency room staff [16] This may help explain the higher odds for [14] [15] .
The higher odds for CVD cases with increasing age can be explained by the natural physiologic changes that occur with old age, one of which is lowered heart effectiveness and efficiency. Normal changes in the heart in old age include heart muscle cells degenerating slightly and the valves inside the heart, which control the direction of blood flow, thicken and become stiffer. This all contributes to the elderly being more prone to cardiovascular disease [17] . The higher odds of CVD cases with higher relative humidity and east wind can be explained by the exacerbation role that these variables play. The two variables play a significant role in how much ozone is transported to and from Harris County [18] . These findings were also observed in highly humid areas in the United Kingdom [19] .
The logistic models used were robust because the ratios of training set odds ratios to holdout set odds ratios were small. The training set contained 80% of the ER visits and a holdout sample contained the remaining 20%.
Incidence proportions for CVD cases increased from 2004 to 2009 by a factor of nine. This is a serious epidemiological finding especially when compared to national prevalence of the outcome for the same years. There are many plausible explanations for this many-fold increase in CVD ER visits diagnoses during the six years. County) show that the odds for blacks were 5% higher than the odds for whites, and the odds for males were 57% higher than females. Additionally, the odds increased as age increased, as relative humidity increased, and as the east wind increased. However the odds for CVD did not increase or decrease with concentrations of ozone or PM2.5.
The role of wind in the models can be interpreted by the effect of wind on the formation of the two pollutants, ozone and PM2.5. Its role in forming ozone in Harris County can be summarized by the following; Houston's weather and location is perfect for the formation of ozone. Ozone is formed on warm, sunny days with little to no wind and no rain. But the sea breeze coming from the Gulf of Mexico, to the south and southeast, also helps to move the ozone polluted air around the Houston region. The predominant winds come from the southeast carrying pollution from the Houston Ship Channel (where a large concentration of nitrogen oxides and volatile organic compounds have been measured) and pushes these pollutants out to the northwest [21] .
Limitations
Daily concentrations for PM2.5 and O3 were obtained kriging as a proxy for individual exposure. The kriged daily measurements will not be as accurate as personal exposure levels. Further, the zip code centroid associated with home address will be utilized for determining the most likely site of exposure. For zip codes where the modeled PM2.5 and O3 exposures are variable within the zip code, this will increase the error variability within the sample and will potentially lead to reduced ability to measure an associated health effect. Another limitation is the possible existence of bias from misclassifying primary diagnoses due to data entry or other errors. Moreover, the dataset did not contain possible confounders like smoking and life style. Another limitation is the use of daily average concentration rather than peak concentrations or moving window concentrations. These other ways of looking at the data may be useful, based upon the hypothesis.
Conclusion
The dataset included all ER visit data for hospitals participating in the Emergency Room Utilization Study 2004 to 2009. There were 96,596 CVD cases during this six-year period. After adjustment for age, race, gender, day of the week, temperature, relative humidity, west-east and south-north components of wind direction, and wind speed, there were statistically significant associations between an emergency room visit for cardiovascular disease diagnosis and exposure to PM2.5 of same day and previous day. Despite the small association between the two air pollutants and the health outcome, this study points to important findings. Namely, the continuing increase of CVD cases in Harris County, the significant association between increasing humidity and the numbers of CVD cases, and blacks and males has significantly increased odds compared to other ethnicities and females respectively. Moreover, this research suggests that the number and distribution of PM2.5 monitors in Harris County-although not even, are adequate to permit detection of significant associations between exposure and the two outcomes. Finally, this study points to other potential factors that contribute to the rising incidence proportions of CVD in Harris County such as patient history, life style, and other pollutants.
